Quantifying N transformation processes in soil aggregates is relevant since microbial communities central to the N cycle may diff er among aggregate size fractions. Our objective was to test the hypothesis that variations in microbial community composition of aggregate size fractions infl uence N transformation rates of soil from three long-term (22-yr) tillage systems (no-till, chisel plow, and moldboard plow). Aggregate size fractions (2-4, 0.5-1, and <0.25 mm) were obtained by dry sieving. Nitrogen transformation rates were estimated by analysis of 15 N pool dilution data with the FLUAZ model, and microbial community composition by phospholipid fatty acid (PLFA) profi les. Aggregate size fraction and tillage system had signifi cant (P < 0.01) eff ects on total and microbial biomass C and N, gross N mineralization rate (GNMR), gross nitrifi cation rate (GNR), and gross N immobilization rate (GIR) . No-till soils and the 0.5-to 1.0-mm aggregate size fraction had the highest N transformation rates. Net N mineralization rates were greater for no-till than for tilled soils. Multiple response permutation analysis of PLFA data revealed that microbial community composition did not diff er with aggregate size fraction. Stepwise regression analysis indicated that microbial community composition (nonmetric multidimensional scaling Axis 1) accounted for 89% of the variation in GIR, soil C and N concentrations accounted for 88% of the variation in GNMR, and microbial biomass C concentration accounted for 81% of the variation in GNR. Th ese results indicate that greater N transformation rates in no-till than tilled soil were due primarily to increased microbial biomass (i.e., microbial population size) rather than altered microbial community composition.
Abbreviations: GIR, gross immobilization rate; GNMR, gross nitrogen mineralization rate; GNR, gross nitrifi cation rate; MWE, mean weighted error; MRPP, multiple response permutation procedure; NMS, nonmetric multidimensional scaling; PLFA, phospholipid fatty acid.
NH 4 -N and NO 3 -N) is called mineralization-immobilization turnover. Although these net rates can be measured, a low rate of net mineralization or nitrifi cation does not necessarily mean low inorganic N production but equally may result from higher inorganic N immobilization. Use of the 15 N pool dilution method to quantify processes that produce and consume inorganic N may provide a better understanding of the N dynamics that govern the level of plant-available N in soil systems (Mary et al., 1998) . Research studies have investigated net mineralization rates in no-till and tilled soils (Ortega et al., 2005; Martens and Dick, 2003) . Only a few studies, however, have focused on the mineralization-immobilization turnover of no-till and tilled soils at the aggregate level using 15 N isotope pool dilution methodology.
Although microbial biomass has a major infl uence on soil inorganic N production (Bengtsson et al., 2003) , microbial activity is aff ected by microenvironmental conditions (Postma and van Veen, 1990) . Both direct evidence from electron microscope studies (Foster, 1988) and indirect demonstrations through aggregate fractionation methods (Schutter and Dick, 2002; Ramakrishnan et al., 2000) have illustrated the uneven distribution of soil microbial communities within these habitats. Heterogeneous distribution of substrates of diff erent quality and quantity (Elliott, 1986) and microclimatic conditions across different aggregate size fractions also aff ect microbial community composition and activity.
Soil microbial community composition plays a signifi cant role in regulating soil processes (Balser and Firestone, 2005) . A few studies have also demonstrated that soil N transformation processes and associated microbial communities diff er with aggregate size fractions (Beauchamp and Seech, 1990; Mendes et al., 1999) . Little is known, however, about the eff ects of microbial communities associated with soil aggregates on gross N transformation rates in contrasting tillage systems.
Th e objectives of this study were to: (i) measure the shortterm rates of N transformation processes associated with soil aggregates of three long-term (22-yr) tillage systems; and (ii) test the hypothesis that variations in the microbial community composition associated with soil aggregate size fractions infl uence N transformation rates.
MATERIALS AND METHODS

Sampling and Aggregate Separation
Surface soil samples were collected in April 2006 from a longterm (22-yr) tillage experiment at Upper Piedmont Research Station, Reidsville, NC. Th e soil is a Wedowee sandy clay loam (25% silt, 27% clay, and 48% sand) and is classifi ed as a fi ne, kaolinitic, thermic Typic Kanhapludult. Th e experimental plots were established in 1984 with nine tillage treatments arranged as a randomized complete block design with four replications.
Th ree tillage treatments representing a range in tillage intensity were sampled; the treatments were: (i) fall moldboard plow followed by disking twice at the time of planting in the spring; (ii) fall chisel plow followed by disking twice at the time of planting in the spring; and (iii) no-till in which planting in the spring is performed using a double disk opener assembly following a ripple coulter. Th e moldboard plow inverts the Ap horizon and thus the crop residues are incorporated to a depth of 25 to 30 cm. Th e chisel plow operation is performed to a depth of 20 to 25 cm with curved shanks spaced at 30-cm intervals. Th is does not invert the soil.
Surface (0-10-cm) soil samples were collected with shovels in April 2006, transported to the laboratory on ice, and transferred to a refrigerator at 4°C within 4 h. On the day aft er collection, large soil clods were gently crushed by hand and bulk samples were dried at 4°C for 4 to 5 d to attain 10% soil water content. At this soil water content, a dry sieving method could be eff ectively implemented. Aggregates of diff erent sizes (2-4, 1-2, 0.5-1, 0.25-0.5, and <0.25 mm) were separated immediately aft er cold drying by placing 200 g of the soils on a series of nested sieves that were mounted on a Tyler Ro-Tap sieve shaker (W.S. Tyler, Mentor, OH). Th e shaker was vibrated for 3 min at a speed of 200 to 250 oscillations min −1 . Only three aggregate size fractions, 2 to 4, 0.5 to 1, and <0.25 mm were used in this experiment because these aggregate fractions were demonstrated in our previous experiments to have diff erences in soil and microbiological properties (Muruganandam et al., 2009) . All the soil aggregate samples were stored at 4°C for further analysis.
Soil Properties
Total soil C and N were determined by direct combustion using a Model 2400 CHN analyzer (PerkinElmer, Waltham, MA). Inorganic NH 4 -N and NO 3 -N of the whole soil and aggregate samples were determined colorimetrically with a Lachat fl ow-injection autoanalyzer (Lachat Instruments, Mequon, WI) using QuickChem Method 10-107-06-2-A (Lachat Instruments, 1995a) and QuickChem Method 10-107-04-1-A (Lachat Instruments, 1995b), respectively. Particle size analyses were conducted on all three aggregate size fractions obtained from three tillage systems using the hydrometer method (Gee and Bauder, 1986) without any pretreatment for organic matter removal. Soil microbial biomass C and N were determined by the chloroformfumigation extraction method (Brookes et al., 1985; Vance et al., 1987) .
Nitrogen-15 Incubation Experiment
A 15 N pool dilution method was used to measure the rates of N transformation processes. Th e experiment included three aggregate size fractions (2-4, 0.5-1, and <0.25 mm) from three tillage systems (notill, chisel plow, and moldboard plow) that were replicated four times. Th is resulted in 36 experimental units (3 aggregate size × 3 tillage treatments × 4 replicates). Th ese 36 experimental units were used in a paired treatment experiment (i.e., parallel treatments that diff er only in the labeled N pool). For example, the NH 4 -N pool for one set of experimental units (Treatment 1) was labeled by adding 15 NH 4 + 14 NO 3 , while the NO 3 -N pool in a second set of experimental units (Treatment 2) was labeled by adding 14 NH 4 + 15 NO 3 .
For paired Treatment 1, 0.6 mL of solution containing ( 15 NH 4 ) 2 SO 4 + K 14 NO 3 ( 15 N at 30 atom %) and, for paired Treatment 2, 0.6 mL of solution containing ( 14 NH 4 ) 2 SO 4 + K 15 NO 3 ( 15 N at 30 atom %) were used to label the NH 4 -N and NO 3 -N pools. Th e rates of N addition were equivalent to 2 μg NH 4 -N and 8 mg NO 3 -N kg −1 dry soil, respectively. Since the initial soil NO 3 -N concentrations were nearly 2.5 times greater than the NH 4 -N concentrations in these soils, a greater amount of 15 NO 3 -N was added to obtain higher 15 N enrichment and to maintain precision in the calculation of gross N transformation rates. Th e addition of 0.6 mL of solution would increase the fi nal water content by 0.05 kg water kg −1 soil (60% water-holding capacity determined as the container capacity). To maximize diff usion of the label and ensure homogenous mixing of 15 N with 14 N, soil aggregate size fractions harboring microbial communities were crushed thoroughly and mixed well aft er injecting the 15 N solution. Th is altered the structural properties of the soil aggregate fractions, but was necessary to achieve uniform distribution of the 15 N label into the core of the large aggregates. Th us, during the short-term incubation period, the microbial communities associated with the aggregate size fractions were functioning in physical environments diff erent from those from which they were isolated.
Aft er labeling, all samples were placed in 500-mL glass jars, covered with lids, and incubated at 25°C. Five milliliters of water was added to the bottoms of the jars to minimize the evaporation of water from the samples. Th e jars were opened each day for 30 min and then closed to maintain aerobic conditions.
For the Day 0 sampling, soil samples were removed 30 min aft er the addition of 15 N and extracted with 50 mL of 2 mol L −1 KCl (1 h of shaking) and the remaining samples were extracted on the second, fourth and seventh days of incubation. Extracts were then immediately fi ltered with Whatman no. 1 fi lter paper and the fi ltrates were stored in a freezer for further analysis using the Lachat autoanalyzer. Th e 15 N diff usion method was used to determine the 15 N abundance (Stark and Hart, 1996) in the KCl extracts for NH 4 -N and NO 3 -N individually. Briefl y, MgO was added to the extracts to volatilize NH 4 -N to NH 3 -N, which was subsequently trapped on the acidifi ed fi lter disks. Devarda's alloy was then added to the extracts to reduce NO 3 -N to NH 4 -N, which was then volatilized as NH 3 -N and trapped on the acidifi ed fi lter disks. Th en the fi lter disks were combusted for introduction to the isotope ratio mass spectrometer (Delta Plus mass spectrometer, Th ermoFinnigan, Bremen, Germany, equipped with a NC 2500 elemental analyzer, Carlo Erba, Milan, Italy, and a DeltaMat/252 GasBench II interface, Th ermo Fisher Scientifi c, Waltham, MA) for measurement of 15 N atom % excess. Soil organic 15 N was determined by removing any residual inorganic 15 N from the soil samples by repeating the extraction twice with 50 mL of 2 mol L −1 KCl. Th en the soil suspensions were centrifuged at 3000 rpm for 10 min and the clear supernatants were discarded. Preliminary experiments showed that there was no detectable inorganic 15 N in the soil samples aft er three extractions with 2 mol L −1 KCl. Th e soil samples were then freeze-dried for 5 d and ground with a pestle and mortar. Th en 25-to 50-mg soil samples were weighed in tin capsules for further 15 N analysis using a continuous-fl ow isotope ratio mass spectrometer. Half an hour aft er the injection of the 15 N solution into the soil aggregate size fractions, an initial measurement of 15 N content of NH 4 -N and NO 3 -N pool was also made to determine the recovery of added 15 N. Th e average recovery of 15 N was 85 to 90% for all aggregate size fractions.
The FLUAZ Model
Nitrogen transformation rates were calculated numerically using the FLUAZ (Version 8) model developed by Mary et al. (1998) . Two data sets from the paired experiment can provide 10 fi tting variables and, therefore, the model allows accurate estimation of the GNMR, GNR, GIR, gross NH 4 -N immobilization rate, and gross NO 3 -N immobilization rate for each time interval. Measurements of the pool sizes and atom % 15 N excess of the NH 4 -N, NO 3 -N, and total soil organic N from the paired experiment were used as input data. Th e FLUAZ model combines a numerical method (Runge-Kutta algorithm), which uses partial diff erential equations describing N and 15 N fl uxes between the four N pools (NH 4 -N, NO 3 -N, soil organic N, and biomass N) with a nonlinear fi tting method (Haus-Marquardt algorithm). When running the FLUAZ model, the SIMULATION option was used so that the simulated values at the end of one time interval could be used for the beginning of the next time interval. Th us, the N transformation rates from one interval to the next were independent of each other. Th e LOOP option was chosen so the model could optimize a range of fi tted parameters for calculating the gross N transformation rates. Th e gross N mineralization rate and GIR were assumed to follow zero-order kinetics, whereas the GNR was assumed to follow fi rst-order kinetics. A fi xed value of 0.05 was used for the affi nity parameter β that denotes the relative proportion of NO 3 -N immobilization compared with total immobilization (Mary et al., 1998) . Th e optimal fi t of the experimental data is given by the stability criterion mean weighted error (MWE), which is calculated as the diff erence between the measured and simulated variables and the variance of the measured variables. One of the advantages of the FLUAZ model over analytical equations is that it also provides standard errors for the rate parameters.
Microbial Community Composition Associated with Soil Aggregates
Subsamples were removed from the soil aggregate samples before injection of the 15 N solution and aft er 2 d of the incubation for PLFA analysis as described by Yao et al. (2006) . Five grams of freeze-dried aggregate samples were extracted with 50 mmol L −1 phosphate buffer, chloroform, and methanol (0.8:1:2) and aft er 2 h the samples were centrifuged, fi ltered, and then resuspended with chloroform and methanol to achieve a fi nal ratio of 0.9:1:1. Aft er extraction, neutral lipids, glycolipids, and phospholipids were separated on solid phase extraction cartridges (columns containing 500 mg of silica) with chloroform, acetone, and methanol, respectively. Th e methanol-containing phospholipids were dried under N 2 , and internal standard methyl nonadecanoate fatty acid (19:0) solution was added before transesterifi cation. Fatty acid methyl esters (FAMEs) were prepared by mild alkaline methanolysis (1:1 methanol/toluene and 0.2 mol L −1 KOH in methanol) and by heating in a water bath for 30 to 45 min (37°C). Th e FAMEs were extracted with hexane, dried under N 2 , redissolved with hexane into gas chromatography vials with fused glass inserts, and analyzed with a gas chromatograph equipped with a fl ame-ionization detector (Microbial ID, Newark, DE). Data are expressed as relative mol %, calculated as the area of each PLFA peak relative to the summed area of all PLFA peaks, aft er adjusting for the number of C atoms mol −1 PLFA.
Fatty acids are commonly denoted as the total number of C atoms, the number of double bonds, followed by the position of the double bond from the methyl end of the molecule. For example, 18:1ω9c fatty acid contains 18 C atoms with a single double bond placed on the ninth C atom from the methyl end. Lipid biomarkers were classifi ed into microbial groups based on their chemical structure. Saprotrophic fungal biomarkers (18:1ω9c and 18:2ω6c) and arbuscular mycorrhizal fungi (16:1ω5c) were summed together and included in the fungi microbial group (Frostegard and Baath, 1996; Baath and Anderson, 2003) . Branched lipids with prefi xes iso and anti-iso were identifi ed as Gram positive bacterial biomarkers (Wilkinson et al., 2002) . Hydroxy and cyclopropyl fatty acids were identifi ed as Gram negative bacterial biomarkers (Wilkinson, 1988) .
Statistical Analysis
Th e experiment was modeled as a split-plot design, with tillage systems as the main plot eff ect and aggregate size as the subplot. Th e statistical signifi cance between tillage systems and aggregate size fractions and their interaction eff ects on N transformation rates, soil properties, and specifi c lipids were analyzed by ANOVA using the PROC GLM procedure (SAS Version 9.1.2, SAS Institute, Cary, NC). Mean separation was done with an F-protected LSD test at the 0.05 signifi cance level. To meet the requirements of the input data in SAS, N transformation rates for four replications were generated from the respective standard error and mean rates, since the FLUAZ model provided only the mean rates and standard error of four replications.
Nonmetric multidimensional scaling (NMS) from the PC-ORD soft ware package (McCune and Meff ord, 1999 ) was used to analyze the microbial community structure. Th e PLFAs assayed on soil samples collected on Day 0 before injecting 15 N and 2 d aft er injecting 15 N were used for the analysis. Relative abundance (mol %) of the 20 fatty acids that were present in all the soil samples (both before and aft er 15 N injection) were logarithmically transformed before running NMS. Nonmetric multidimensional scaling is an iterative ordination method that is well suited to data that are non-normal or of diff erent scales, since it conserves the rank order of sample dissimilarities in the rank order of distances (Clarke, 1993) . Autopilot mode with the slow and thorough setting of NMS in PC-ORD was used. Th is setting performs 40 runs with real data and 50 runs with randomized data to determine the optimal dimension. A two-dimensional solution was recommended for both dates, and the signifi cance of this solution was evaluated using a Monte Carlo test. Th e fi nal stresses for the two-dimensional solutions are 5.38 and 6.34 for Day 0 and Day 2, respectively, which is considered satisfactory (McCune and Grace, 2002) . Statistical diff erences among the PLFA profi les were determined using the multiresponse permutation procedure (MRPP) in PC-ORD. Th e MRPP is a nonparametric procedure similar to multivariate analysis of variance for testing the hypothesis of no diff erence between two or more preexisting groups (McCune and Grace, 2002) . Th e MRPP yields a signifi cance test (P value) to evaluate how likely an observed diff erence is due to chance, as well as an A value that describes the within-group homogeneity compared with random expectation. An A value of 1.0 occurs when all items within a group are identical and A = 0 occurs when the heterogeneity within the group equals the expectation by chance.
Axis scores from the PLFA data aft er 15 N injection were regressed on the mean rates of N transformation processes measured for the 0-and 2-d incubation interval. Stepwise multiple linear regression analyses were used to evaluate possible reasons for variation in the N transformation processes. In the regression models, microbial biomass C and N, total C and N, and microbial community composition (NMS Axis 1) were considered as independent (x) variables and N process rates as dependent (y) variables. To check the multicolinearity with all these variables, however, Pearson correlation coeffi cients were determined before multiple linear stepwise regression analysis. Summed relative abundance of the specifi c biomarker groups both before and aft er 15 N addition were compared to assess the eff ect of N addition on the microbial community composition.
RESULTS
Th e sand content of the aggregate size fractions determined by particle size analysis was not signifi cantly diff erent. Th erefore, the chemical and biological data were not normalized to a sandfree aggregate weight. Th e tillage system had no signifi cant eff ect on the distribution of aggregate size classes as determined by the dry sieving method. Th erefore, when averaged across tillage treatments, diff erent aggregate size fractions as a percentage of total soil mass were: 2 to 4 mm, 27.1%; 1 to 2 mm, 19.8%; 0.5 to 1.0 mm, 13.6%; 0.25 to 0.5 mm, 17.0%; and <0.25 mm, 21.4%. Gruver (2007) analyzed soil samples from the same experimental site using a wet sieving method and demonstrated tillage eff ects on the aggregate size distribution. Th us, the methodology for separating the aggregates has an impact on the aggregate size distribution. Since our primary goal was to determine whether soil aggregate size fractions had diff erent chemical and microbial properties, however, we considered fragmentation of the moist soil by the dry sieving method suitable for this purpose. Dry sieving methods have been used by others to study the microbial properties of diff erent aggregate size classes (Mendes et al., 1999; Schutter and Dick, 2002) .
Soil Carbon and Nitrogen
Total soil C and N and microbial biomass C and N differed signifi cantly with tillage system and aggregate size (Tables  1 and 2 ). Although the total N content showed a signifi cant interaction between tillage system and aggregate size, there was no signifi cant interaction for total C or microbial biomass C or N. Th e total soil C and N and microbial biomass C and N concentrations averaged across aggregate size fractions were 2 and 1.5 times greater under no-till than the moldboard plow system (Table 2 ). In all three tillage systems, the total soil C and microbial biomass C concentrations of the intermediate (0.5-1-mm) aggregate size fraction were signifi cantly greater than for the other two aggregate size fractions; however, the microbial biomass N of the no-till and moldboard plow systems did not diff er among the aggregate size fractions (Tables 1 and 2 ).
Size and Atom Percent Nitrogen-15 Excess of Ammonium, Nitrate, and Organic Nitrogen Pools
Th e initial soil NH 4 concentration of all the aggregate size fractions before injecting 15 N varied from 1.4 to 2.3 mg NH 4 -N kg −1 aggregate in no-till, 0.6 to 1.2 mg NH 4 -N kg −1 aggregate in chisel plow, and 0.2 to 0.6 mg NH 4 -N kg −1 aggregate in moldboard plow systems. Th e initial NO 3 concentration of the aggregate size fractions ranged between 4 and 8.5 mg NO 3 -N kg −1 aggregate in notill, 3.2-5.4 mg NO 3 -N kg −1 aggregate in chisel plow, and 3-5.9 mg NO 3 -N kg −1 aggregate in moldboard plow systems. Th us, both the soil NH 4 -N and NO 3 -N concentrations were higher in no-till systems than chisel and moldboard plow systems before the injection of 15 N.
In all three tillage systems and aggregate size fractions, the atom % 15 N excess of the NH 4 -N pool aft er the addition of 15 (NH 4 ) 2 SO 4 and K 14 NO 3 (Fig. 1) decreased to a great extent and approached a near natural abundance level on Day 7, indicating high microbial activity. Th e atom % 15 N excess of the NO 3 -N pool aft er the addition of 15 (NH 4 ) 2 SO 4 and K 14 NO 3 (Fig. 1 ) in all three tillage systems increased rapidly from 0.05 (Day 0) to approximately 2.0 atom % 15 N excess (Day 2), indicating rapid nitrifi cation of the labeled NH 4 -N to NO 3 -N.
Similarly, the atom % 15 N excess of the NO 3 -N pool after the injection of 14 (NH 4 ) 2 SO 4 and K 15 NO 3 (Fig. 2) showed a gradual decrease from Day 0 to Day 7. A very small increase (0.02-0.04) in atom % 15 N excess of the NH 4 -N pool of all the aggregate size fractions of the no-till and chisel plow systems was observed; however, the increase in the moldboard plow system was negligible. Th is increase in 15 N of the NH 4 -N pool could be due to remineralization of previously immobilized 15 N or the direct dissimilatory reduction of NO 3 -N to NH 4 -N.
Gross Nitrogen Transformation Rates
Since enrichment of the NH 4 -N pool with 15 N (Fig. 1) declined to low levels aft er 2 d of incubation, only NH 4 -N, NO 3 -N, and soil organic N pool sizes and atom % 15 N excess of the NH 4 -N, NO 3 -N, and total soil organic N for the 0-to 2-d incubation interval were used as inputs to the FLUAZ program (Accoe et al., 2005) . Th is allowed computation of the GNMR, GNR, GIR, gross NH 4 -N immobilization rate, and gross NO 3 -N immobilization rate for soil aggregate fractions from the three tillage systems. A good quality of fi t was confi rmed by the low values of average MWE, which varied between 0.9 and 2.3 for all process rates. Th e average MWE value for the whole incubation period (0-7 d) was 1.6. Since these values are similar to those reported by Mary et al. (1998) , we consider the model suitable for the calculation of all process rates discussed here. Additional information about the FLUAZ model can be found in Mary et al. (1998) .
Th e GNMRs were highest for the fi rst time interval (0-2 d, Table 3 ) for all tillage systems and aggregate size fractions and declined rapidly during the second (2-4 d) and third (4-7 d) intervals (data not shown). Similarly, the GNRs and GIRs were highest during the 0-to 2-d interval and declined rapidly during the 2-to 4-and 4-to 7-d intervals (data not shown). Gross N mineralization, nitrifi cation, and N immobilization rates measured for the fi rst time interval (0-2 d) diff ered signifi cantly with tillage system and aggregate size (Table 1, P < 0.01). Th e interaction eff ect between aggregate size and tillage system was also signifi cant (Table 1, P < 0.001). On average, the GNMR, GNR, and GIR were greater in the no-till system than the chisel or moldboard plow systems (Table 3) .
Th e paired 15 NH 4 -N and 15 NO 3 -N treatments allowed calculation of individual NH 4 and NO 3 immobilization rates with the FLUAZ model. During the fi rst two time intervals (0-2 d, Table  3 ; 2-4 d, data not shown), NH 4 immobilization was greater than NO 3 immobilization in all the soil aggregate size fractions of the three tillage systems. Considering all the soil aggregate size fractions of the three tillage systems, NH 4 immobilization accounted for 70 to 90% of the GIR (data not shown).
Changes in Microbial Community Composition
Microbial community composition analyzed by the PLFA method both before (PLFA-DAY0) and aft er the addition of 15 N (PLFA-DAY 2) diff ered by tillage system. Th e NMS ordination Table 1 . Analyses of variance for the main effects of tillage system and aggregate size and their interactions on selected soil properties and soil N transformation rates measured for the initial 2-d interval (GNMR, gross N mineralization rate; GNR, gross nitrifi cation rate and GIR, gross immobilization rate) and the relative abundance (mol%) of phospholipid fatty acid profi les. of the PLFA-DAY0 explained 94.3% of the variation, of which the NMS Axis 1 (r 2 = 0.825) accounted for 82.5% of the variation (Fig. 3) and NMS Axis 2 (r 2 = 0.118) described 11.8% of the variation. A MRPP test blocked by tillage treatment showed that the microbial community did not diff er by aggregate size fraction (A = 0.0978, P = 0.07). Similarly, the NMS ordination of PLFA-DAY 2 (Fig. 4) explained 97.1% of the variation in the data (NMS Axis 1, r 2 = 0.641; NMS Axis 2, r 2 = 0.330). An A value of 0.1951 (P < 0.005) from a MRPP test of PLFA-DAY 2 indicated that the microbial community composition diff ered by tillage system; however, the MRPP test blocked by tillage treatment did not show a signifi cant diff erence with aggregate size (A = 0.093, P = 0.100). Th e MRPP test was also used to compare Day 0 and Day 2 PLFA profi les. Th is allowed an evaluation of the eff ect of 15 N addition and destruction of soil aggregates on the microbial community composition. An A value of 0.1140 (P < 0.0001) further confi rmed that the addition of N and destruction of the soil structure for mixing purposes signifi cantly changed the microbial communities. Biomarkers were classifi ed into microbial groups and summed together for comparison of changes in the microbial community composition with respect to soil aggregate size fractions and addition of N. Th e relative abundance of fungal biomarkers decreased when 15 N was add- (Fig. 5) . Although the mole percentage of fungal biomarkers associated with intermediate aggregate size fractions was higher than the other aggregate sizes, however, there was only a small diff erence in the bacterial biomarkers associated with the aggregate size fractions (Fig. 5) .
DISCUSSION
We previously reported that long-term no-till management enhanced the activities of enzymes involved in N mineralization compared with systems that involve tillage (Muruganandam et al., 2009) . Th is enhancement was associated with an increase in the proportion of fungal organisms in the microbial community. Aggregate size eff ects on these parameters were also signifi cant (P < 0.05), but small compared with the tillage eff ects.
Aggregate Size and Microbial Community Composition
Th e main focus of this research was to evaluate the hypothesis that a dissimilar distribution of soil microbial population size and community composition associated with soil aggregate size fractions impacts gross N transformation rates, rather than concentrating on the structural diff erences associated with soil aggregate size. Moreover, when the structural properties of soil aggregates are maintained, it is diffi cult to achieve a uniform distribution of the 15 N label into the core of the large aggregates. Th erefore, in this experiment, to maximize the diff usion of the label and to ensure homogenous mixing of 15 N with 14 N, the soil aggregate size fractions harboring diff erent microbial communities were crushed thoroughly and mixed well before and aft er injecting the 15 N solution.
Aggregate size fraction had signifi cant eff ects on soil C and N, microbial biomass C and N, GNMR, GNR, and GIR (Tables  1-3) . A MRPP analysis, however, indicated that the aggregate size fraction had no signifi cant eff ect on the microbial community composition (Fig. 3 and 4) . Th ese microbial community composition data derived from PLFA measurements do not support our hypothesis that diff erent aggregate size fractions have diff erent microbial community composition, which may impact the rates of N transformation processes. It may have been possible to demonstrate a relationship between aggregate size fraction and microbial community composition with more sensitive molecular methods such as terminal restriction fragment length polymorphism and a culture-independent community analysis method that has shown sensitivity to changes in the microbial community composition due to management and soil habitat (Blackwood and Paul, 2003; Buckley and Schmidt, 2001) 
Nitrogen Transformation Process Rates: Effects of Microbial Community and Soil Properties
Pearson correlation coeffi cients for regressions of GNMR, GNR, and GIR measured for the fi rst time interval (0-2 d) on soil and microbial biomass C and N and microbial community composition were all signifi cant (P < 0.05) ( Table 4) . To further evaluate the links between microbial community composition and N transformation process rates, stepwise multiple linear regressions were performed. Th e ordination Axis 1 for the PLFA data obtained 2 d aft er 15 N injection was subjected to NMS analysis and used as the microbial community variable. Stepwise regression analysis with the soil and microbial characteristics showed that soil C and N accounted for the largest percentage of variation in the GNMR (Table 5) . Similarly, microbial biomass C accounted for 81% of the variation in the GNR. Although microbial community composition did not explain the variation in the GNMR and GNR, NMS Axis 1 (accounting for 61% variation in the microbial community data) described 89% of the variation in the GIR (Table 5) .
Since microbial communities rely on total soil C and N for their nutrient supply, the microbial community composition eff ect on the GNMR was not as prominent as soil C and N (Table 5) . Th is would imply that the nutrient availability for microbial growth has more impact on N transformation rates than the microbial community composition. Nitrifi cation is largely limited by the substrate concentration and other factors that aff ect the NH 4 -N availability (Booth et al., 2005) ; however, adequate NH 4 -N was added in the form of 15 N label before the incubation and, therefore, the GNR (Table 5) was infl uenced to a greater extent by the size of the microbial population (microbial biomass) than by other variables. Th e biomass C/N ratio is lower in bacteria than fungi (Myrold, 2005) ; therefore, bacteria immobilize more N per unit of C. Bacterial communities are also known to turn over more rapidly than fungal communities (McGill et al., 1981) . Biomarkers associated with bacteria comprised a higher proportion of the microbial community on the second day of incubation. Th is may have contributed to the GIR being more closely linked with microbial community composition than with other soil variables (Table 4) . Signifi cant linear correlations between the substrate concentration (total organic C and N) and microbial activity (gross N process rates) (Table 4 ) are similar to observations of others (Booth et al., 2005; Habteselassie et al., 2006) .
Nitrogen Transformation Process Rates:Tillage Effects
A previous study with the same long-term tillage experiment showed that activities of aminization and ammonifi cation enzymes responsible for the mineralization of soil organic N were twice as high in long-term no-till than in tilled soils (Muruganandam et al., 2009 ). Th erefore, higher activities of these enzymes may have contributed to the higher GNMR in soil subjected to long-term no-till management.
Gross NO 3 immobilization accounted for 20 to 30% of the GIR (data not shown) in all aggregate sizes of the three tillage systems. Th is relatively high proportion of NO 3 immobilization may have resulted from stimulation by the addition of a relatively high concentration of 15 N-labeled NO 3 -N (8 mg kg −1 aggregate) (Watson et al., 2000) . Overall, the GIR (both NH 4 and NO 3 ) observed in no-till soils and large aggregate size fractions were greater than in conventionally tilled soils (Rice and Tiedje, 1989 ) and other aggregate size fractions. Th e ratios of N transformation process rates computed from 15 N isotopic pool dilution studies have been used to: (i) assess the nitrifying capacity of the soils (Booth et al., 2005; Habteselassie et al., 2006) ; (ii) estimate the potential N leaching losses from soils (Stockdale et al., 2002) ; (iii) quantify the competition between heterotrophs and nitrifi ers for NH 4 -N (Tietema and Wessel, 1992; Habteselassie et al., 2006); and (iv) determine the N saturation status of the soils (Aber,1992) . Accordingly, the GNR/GIR ratio observed in this study was signifi cantly lower in the no-till system, indicating lower potential N leaching losses (Table 6 ). Also, the nitrifying capacity of the soils (Booth et al., 2005; Habteselassie et al., 2006) indicated by the GNR/GNMR ratio was greater in the chisel and moldboard plow systems (0.73 and 0.84) than in the no-till (0.50) soils.
In contrast to the inferences based on the GNR/GNMR ratios, the net nitrifi cation rates in no-till, chisel plow, and moldboard plow soils were 1.13, 0.88, and 0.69 mg N kg −1 aggregate d −1 , respectively (Table 7) , indicating larger NO 3 -N pool availability in the no-till systems. Th us, the ratios estimated from the gross N transformation rates may be advantageous in understanding the potential role of microbial immobilization, but do not provide a clear depiction of the actual N dynamics of the three tillage systems. Additionally, the net N mineralization rates calculated from the GNMR and GIR for the fi rst time interval (0-2 d) in the no-till, chisel plow, and moldboard plow systems were 1.79, 0.9, and 0.78 mg N kg −1 aggregate d −1 , respectively (Table 7) , indicating greater plant-available N derived from the soil organic N pool in the no-till system. Th erefore, to estimate the plantavailable N and the actual NO 3 -N pool availability for leaching or gaseous losses, the net rates calculated from the gross rates are more informative than the ratios.
Th e larger soil pool of NO 3 -N in the no-till system implies the potential for more NO 3 -N leaching compared with the tilled systems. Nitrate N leaching below the 0-to 10-cm zone of sampling was not assessed in this study. Nitrate N leaching, as measured by the NO 3 -N fl ux to tile drains under fi elds managed with either no-till or conventional tillage methods, has been compared. In a study where the no-till practice had been in eff ect for 3 yr, NO 3 -N fl ux to tile drains was greater for notill than for the conventional tillage system (Roper et al., 2008) . Conversely, in a study where no-till had been in eff ect for 11 yr, similar NO 3 -N fl uxes to tile drains were measured for notill and conventional tillage systems (Randall and Iragavarapu, 1995) . Th erefore, some but not all fi eld studies are consistent with the inference from our laboratory experiments that elevated pool levels of NO 3 -N derived from the mineralization of soil organic N in the no-till system may enhance NO 3 -N leaching compared with tilled systems.
In summary, gross N transformation rates diff ered significantly with both tillage system and aggregate size, but tillage eff ects were more pronounced. Th e GNMR, GNR, and GIR were greater in long-term no-till than the tilled systems. A higher GNMR in the no-till system was associated with higher total soil C and N levels, and a higher GNR was associated with higher microbial biomass C. Stepwise regression indicated that GIR was correlated with the variation in the microbial community structure associated with diff erent tillage systems (NMS Axis 1, R 2 = 0.889). Collectively, these results indicate that higher N transformation rates in no-till soils were associated primarily with higher microbial biomass (i.e., microbial population size) rather than with microbial community composition. Net N mineralization and nitrifi cation rates calculated from the gross N transformation rates were greater for the no-till soils than for the tilled soils. Th is indicates greater plant-available N and NO 3 -N pools in the no-till soils. Th ese results illustrate the highly dynamic nature of the internal N cycle of long-term no-till soils and suggest that N management practices should take into account the greater NO 3 -N pool availability in these soils to minimize the potential for N losses via leaching and gaseous emissions.
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